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1
SELF-CALIBRATED VOLTAGE REGULATOR

RELATED APPLICATION(S)

The instant application is related to a U.S. patent appli-
cation Ser. No. 12/750,260, filed Mar. 30, 2010, the entire
content of which is incorporated by reference herein.

BACKGROUND

A voltage regulator is configured to automatically main-
tain a constant voltage level at a load. A characteristic of a
voltage regulator is a power supply rejection ratio (PSRR),
which is used to describe the amount of noise from a power
supply that can be rejected by the voltage regulator. PSRR
is defined as the ratio of the change (or noise) in the power
supply voltage (AVDD) to the change (or noise) in the
output voltage (AVOUT) caused by the change in the power
supply voltage node VDD, i.e., PSRR=AVDD/AVOUT.

A higher PSRR value indicates a higher level of power
supply noise immunity, which is a consideration in many
modern electronic devices.

BRIEF DESCRIPTION OF THE DRAWINGS

One or more embodiments are illustrated by way of
example, and not by limitation, in the figures of the accom-
panying drawings, wherein elements having the same ref-
erence numeral designations represent like elements
throughout. The drawings are not to scale, unless otherwise
disclosed.

FIG. 1A is a block diagram of a voltage regulator in
accordance with some embodiments.

FIGS. 1B and 2 are schematic circuit diagrams of various
voltage regulators in accordance with some embodiments.

FIG. 3 is a schematic circuit diagram of a variable resistor
in accordance with some embodiments.

FIG. 4 is schematic circuit diagrams of a voltage regulator
in accordance with some embodiments.

FIG. 5 is a schematic circuit diagram of a high bandwidth
operational amplifier in accordance with some embodi-
ments.

FIGS. 6-7 are schematic circuit diagrams of various
voltage regulators in accordance with some embodiments.

FIG. 8 is a graph showing PSRR versus frequency char-
acteristics of various voltage regulators.

FIG. 9 is a flow chart of a process of operating a voltage
regulator in accordance with some embodiments.

DETAILED DESCRIPTION

It is to be understood that the following disclosure pro-
vides many different embodiments or examples, for imple-
menting different features of various embodiments. Specific
examples of components and arrangements are described
below to simplify the present disclosure. The inventive
concept may; however, be embodied in many different forms
and should not be construed as being limited to the embodi-
ments set forth herein. It will be apparent; however, that one
or more embodiments may be practiced without these spe-
cific details. Like reference numerals in the drawings denote
like elements.

In some embodiments, a resistor is arranged between an
output node of a voltage regulator and a load. An output
voltage at the output node is controlled by a feedback circuit.
The feedback circuit is adjusted based on a regulated voltage
at the load to maintain the regulated voltage constant despite
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variations in a load current. In at least one embodiment, a
high PSRR of -40 dB or better is achievable across all
frequencies.

FIG. 1A is a schematic circuit diagram of a voltage
regulator 100A in accordance with some embodiments. The
voltage regulator 100A comprises an input node 110, an
output node 120, a driving circuit 130, a feedback circuit
140, a control circuit 150 (also referred to herein as “first
control circuit”), and an output stage resistor 161 (also
referred to herein as “resistor Ra”). The voltage regulator
100A is arranged to receive an input voltage V,, at the input
node 110 and provide a regulated voltage V. to a load via
a regulated voltage terminal 170.

The driving circuit 130 is coupled to the input node 110
and the output node 120, and is configured to generate an
output voltage V - at the output node 120 from the input
voltage V,; at the input node 110. The feedback circuit 140
is coupled to the output node 120 and is configured to
generate a feedback voltage V- based on the output voltage
Voor The feedback circuit 140 has a variable parameter
which is controllable, by a control signal S, in order to vary
the feedback voltage V- independently of the output voltage
V o7 The first control circuit 150 is coupled to the feedback
circuit 140 and the driving circuit 130, and is configured to
control the output voltage V. based on the feedback
voltage V.

The driving circuit 130, the feedback circuit 140 and the
first control circuit 150 together define a feedback loop L1
for maintaining the output voltage V . at a predetermined
level. For example, in one or more embodiments, if the
output voltage V. decreases, the feedback circuit 140
decreases the feedback voltage V, in response to the
decreased output voltage V . In response to the decreased
feedback voltage V4, the first control circuit 150 outputs an
appropriate voltage V, to cause the driving circuit 130 to
increase the output voltage V .1 If the output voltage V 5+
increases, the feedback circuit 140 increases the feedback
voltage V- in response to the increased output voltage V o, -
In response to the increased feedback voltage V., the first
control circuit 150 outputs an appropriate voltage V, to
cause the driving circuit 130 to decrease the output voltage
Vour

The resistor R, has opposite first and second terminals,
with the first terminal coupled to the output node 120 and the
second terminal coupled to the regulated voltage terminal
170. The regulated voltage Vs on the regulated voltage
terminal 170 is supplied to the load and causes a load current
1; oup to flow through the resistor R,,. As a result, there is a
voltage difference between the output voltage V.- and the
regulated voltage Vi ze, 1., Vor—Veee=lroapXR, When
the load current I, ,,, varies, the voltage drop across the
resistor R, also varies which, in turn, potentially causes a
variation in the regulated voltage V. applied to the load.
In order to maintain the regulated voltage V. constant in
response to variations in the load current I, a control
loop, or calibration loop, [.2 is provided in accordance with
some embodiments.

The calibration loop L2 includes at least the feedback
circuit 140, the first control circuit 150, the driving circuit
130, and the resistor R,. In the calibration loop L2, the
control signal S applied to the feedback circuit 140 is
controlled, either automatically or manually, based on the
regulated voltage V. In one or more embodiments, the
control signal S is controlled automatically by a second
control circuit described in detail hereinafter, and the cali-
bration loop L2 includes such second control circuit. In one
or more embodiments, the control signal S is controlled
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manually, e.g., by an operator monitoring the regulated
voltage V., and the calibration loop L2 includes a manual
control of the control signal S.

In some embodiments, the control signal S adjusts the
feedback voltage V- in accordance with the regulated volt-
age V. to maintain the regulated voltage V. at a desired
level. For example, if the regulated voltage V. decreases
(due to an increase in the load current I, ), the control
signal S is controlled, based on the decreased regulated
voltage Vs, to cause the feedback circuit 140 to decrease
the feedback voltage V. The decreased feedback voltage
V- causes the first control circuit 150 to increase the output
voltage V 5, which, in turn, increases the regulated voltage
Vizze If the regulated voltage V. increases, the control
signal S is controlled, based on the increased regulated
voltage V., to case the feedback circuit 140 to increase
the feedback voltage V. The increased feedback voltage V5
causes the first control circuit 150 to decrease the output
voltage V o, which, in turn, decreases the regulated voltage
Vzec- As aresult, the regulated voltage V- to be supplied
to the load is maintained at a predetermined level.

FIG. 1B is a schematic circuit diagram of a voltage
regulator 100B in accordance with some embodiments. The
voltage regulator 100B is a circuit implementation of the
voltage regulator 100A, and comprises an input node 110, an
output node 120, a driving circuit 130, a feedback circuit
140, a first control circuit 150, a second control circuit 160,
and an output stage resistor 161. The voltage regulator 100B
is arranged to receive a power supply voltage VDD at the
input node 110 and provide the received power supply
voltage VDD in the form of a regulated voltage V. to a
load via a regulated voltage terminal 170.

The driving circuit 130 is coupled to the input node 110
and the output node 120, and is configured to generate an
output voltage V . at the output node 120 from an input
voltage V,,, at the input node 110. The driving circuit 130 is
controllable to regulate or adjust the output voltage V 5, In
some embodiments, the driving circuit 130 includes a resis-
tor R and a transistor M coupled in series between the input
node 110 and another voltage supply terminal 180. In some
embodiments, the transistor M is a p-channel metal-oxide
semiconductor (PMOS) transistor, the input voltage V, is
the power supply voltage VDD to be regulated, and the
voltage supply terminal 180 is a ground voltage terminal
having a ground voltage VSS, as illustrated in FIG. 1. In
some embodiments, the transistor M is an n-channel metal-
oxide semiconductor (NMOS) transistor, the power supply
voltage VDD to be regulated is supplied to the voltage
supply terminal 180 which becomes an input node, and the
ground voltage VSS is supplied to the node 110. A current
1, flowing through the transistor M is adjustable by an
appropriate voltage V, applied to the gate of the transistor
M. Because V,.,=1,xR, the output voltage V . is regu-
lated in accordance with an adjustment in the current I, by
varying the voltage V,. Other configurations and/or opera-
tions of the driving circuit are within the scope of various
embodiments.

The feedback circuit 140 is coupled to the output node
120 and is configured to generate a feedback voltage V-
based on the output voltage V 5, The feedback circuit 140
has a variable parameter which is controllable in order to
vary the feedback voltage V- independently of the output
voltage V . For example, at the same voltage level of the
output voltage V 5.7, the feedback voltage V- has different
voltage levels at different values of the variable parameter of
the feedback circuit 140. In some embodiments, the feed-
back circuit 140 includes a voltage divider having a variable

25

30

40

45

4

voltage ratio, as described with respect to FIGS. 2, 4, 6 and
7. Other configurations of the feedback circuit are within the
scope of various embodiments.

The first control circuit 150 is coupled to the feedback
circuit 140 and the driving circuit 130, and is configured to
control the output voltage V. based on the feedback
voltage V. In some embodiments, the first control circuit
150 compares the feedback voltage V with a reference
voltage V.. (e.g., supplied from a band-gap reference
circuit) and outputs the voltage V, based on the comparison.
The voltage V, is supplied to the driving circuit 130, e.g., via
the gate of the transistor M, to control the output voltage
V oo In some embodiments, when the feedback voltage V5
is lower than the reference voltage V. (which indicates
that the output voltage V. is lower than a predetermined
voltage level), the first control circuit 150 outputs an appro-
priate voltage V, to increase the current I, of the transistor
M, thereby increasing the output voltage V. When the
feedback voltage V- is higher than the reference voltage
V rer (Which indicates that the output voltage V 5, 1s higher
than the predetermined voltage level), the first control circuit
150 outputs an appropriate voltage V, to decrease the current
1, of the transistor M, thereby decreasing the output voltage
Voor Other configurations and/or operations of the first
control circuit are within the scope of various embodiments.

The resistor R, has opposite first and second terminals,
with the first terminal coupled to the output node 120 and the
second terminal coupled to the regulated voltage terminal
170. The regulated voltage terminal 170 is coupled to a
de-coupling capacitor C; to filter out noise. The regulated
voltage Vyzzs on the regulated voltage terminal 170 is
supplied to the load and causes a load current I, to flow
through the resistor R,. As a result, there is a voltage
difference between the output voltage V. and the regu-
lated voltage Vizze 1., VoVl oapxR, When the
load current 1, , , , varies, the voltage drop across the resistor
R, also varies which, in turn, potentially causes a variation
in the regulated voltage V- applied to the load. In order to
maintain the regulated voltage V. constant in response to
variations in the load current I, ,,, the second control
circuit 160 is provided. The second control circuit 160, the
feedback circuit 140, the first control circuit 150, the driving
circuit 130 and the resistor R, define a calibration loop [.2
for calibrating or maintaining the regulated voltage V. at
a predetermined level as described herein below.

The second control circuit 160 is coupled to the second
terminal of the resistor R, (i.e., to the regulated voltage
terminal 170) and the feedback circuit 140. The second
control circuit 160 is configured to control the feedback
voltage V based on the regulated voltage V.. at the
second terminal of the resistor R,. In some embodiments,
the second control circuit 160 compares the regulated volt-
age Vyzc with a set voltage V., and outputs a control
signal S to the feedback circuit 140 to adjust the variable
parameter of the feedback circuit 140. The set voltage Vg,
indicates the intended voltage level of the regulated voltage
Vzec 10 be supplied to the load. In at least one embodiment,
the set voltage V., is adjustable by a user and/or an external
device. In some embodiments, when the regulated voltage
Ve 18 lower than the set voltage V ¢ (for example, due to
an increase in the load current I,,,, which causes an
increased voltage drop across the resistor R ), the second
control circuit 160 outputs an appropriate control signal S to
cause the feedback circuit 140 to decrease the feedback
voltage V- which, in turn, causes the first control circuit 150
to increase the output voltage V. as described above. The
increased output voltage V., compensates for the
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increased voltage drop across the resistor R, due to the
increased load current I; , , ,,, thereby maintain the regulated
voltage V . constant. When the regulated voltage V. is
higher than the set voltage V, (for example, due to a
decrease in the load current I, ,,, which causes a decreased
voltage drop across the resistor R,), the second control
circuit 160 outputs an appropriate control signal S to cause
the feedback circuit 140 to increase the feedback voltage V-
which, in turn, causes the first control circuit 150 to decrease
the output voltage V o, as described above. The decreased
output voltage V 5, compensates for the decreased voltage
drop across the resistor R, due to the decreased load current
1; oup» thereby maintain the regulated voltage V.. con-
stant. Other configurations and/or operations of the second
control circuit are within the scope of various embodiments.

Without the adjustment of the feedback circuit 140 under
control of the second control circuit 160, the first control
circuit 150 would keep the output voltage V. constant,
and the regulated voltage Vzz; would fluctuate due to
variations in the load current I, , ,,. Thus, the second control
circuit 160 in accordance with some embodiments operates
to maintain the regulated voltage V. constant in response
to variations in the load current I, ,,,. Without the resistor
R, the impedance at the output node 120 is defined by the
capacitor C; which provides an impedance that approaches
zero as the frequency increases. As a result, the gain (which
reduces as the frequency increases) of the voltage regulator
at high frequencies is limited under certain situations. By
adding the resistor R, in accordance with some embodi-
ments, the impedance at the output node 120 at high
frequencies is defined by the impedance of the resistor R,
thereby keeping the impedance at the output node 120 from
falling below a certain level at high frequencies. As a result,
the resistor R,, in some embodiments, contributes to
increase the gain of the voltage regulator at the Unity Gain
Frequency (UGF). This effect permits the voltage regulator
in accordance with some embodiments to achieve a PSRR of
-40 dB or better (i.e., the absolute value of PSRR is at least
40 dB) across all frequencies, especially, around typical chip
resonance frequencies of about a few MHz to 100 MHz. In
some embodiments, the resistance value of the resistor R, is
from 2Q to 10€2.

FIG. 2 is a schematic circuit diagram of a voltage regu-
lator 200 in accordance with some embodiments. The volt-
age regulator 200 comprises a transistor MP, (also referred
to herein as a driving transistor), a transistor MN,, a voltage
divider 240, a first operational amplifier OPAMP,, a second
operational amplifier OPAMP,, a state machine 265, and the
resistor Ra.

The transistor MP, and the transistor MN, together define
a driving circuit similar to the driving circuit 130 described
with respect to FIG. 1. The transistor MP, includes a first
terminal (e.g., a source) coupled to the input node 110 to
receive the power supply voltage VDD, a second terminal
(e.g., a drain) coupled to the output node 120, and a gate
terminal. A tracking capacitor C, is coupled between the
input node 110 and the gate terminal of the transistor MP,
to improve high frequency PSRR. In some embodiments, the
capacitor C, is omitted. The transistor MN, includes a first
terminal (e.g., a drain) coupled to the output node 120, a
second terminal (e.g., a source) coupled to the voltage
supply terminal 180 to receive the ground voltage VSS, and
a gate terminal receiving a bias voltage V. The bias voltage
V5 configures the transistor MN, to be in the saturation
mode. The configuration of the transistor MN, in the satu-
ration mode achieves one or more effects as described in
U.S. patent application Ser. No. 12/750,260. The transistor
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MP, is a PMOS transistor and the transistor MN, is an
NMOS transistor in accordance with some embodiments.
Other configurations are within the scope of various embodi-
ments.

The voltage divider 240 includes a first resistor R, and a
second resistor R,. The first resistor R, is coupled between
the output node 120 and an intermediate node 245. The
second resistor R, is coupled between the intermediate node
245 and a node having the ground voltage VSS. At least one
of the first resistor R, or the second resistor R, is a variable
resistor. For example, in the embodiment illustrated in FIG.
2, the second resistor R, is a variable resistor. In one or more
embodiments, the first resistor R, is a variable resistor or
both the first resistor R, and the second resistor R, are
variable resistors. The resistance values of the first resistor
R, and the second resistor R, defines a voltage ratio of the
voltage divider 240 and the feedback voltage V- generated
at the intermediate node 245. As the second resistor R, is a
variable resistor, the voltage ratio of the voltage divider 240
is also variable, and the feedback voltage V. generated at the
intermediate node 245 is variable in accordance with resis-
tance variations of the second resistor R,.

The first operational amplifier OPAMP, defines a first
control circuit similar to the first control circuit 150
described with respect to FIG. 1. The first operational
amplifier OPAMP, includes a first input (e.g., an inverting
input) coupled to a reference voltage node 255, a second
input (e.g., a non-inverting input) coupled to the intermedi-
ate node 245 of the voltage divider 240, and an output
coupled to the gate terminal of the driving transistor MP, .
The first operational amplifier OPAMP, compares the ref-
erence voltage V. received at the inverting input via the
reference voltage node 255 with the feedback voltage V
received at the non-inverting input from the voltage divider
240, and adjusts the voltage V, at the output thereof based
on the comparison. The voltage V, is supplied to the gate
terminal of the transistor MP, to control the current flowing
through the transistor MP,, thereby adjusting the output
voltage Vo7 as described with respect to FIG. 1.

Similar to the voltage regulator 100B, the resistor R, in
the voltage regulator 200 has the first terminal coupled to the
output node 120, and a second terminal coupled to the
regulated voltage terminal 170 having the regulated voltage
Veee:

The second operational amplifier OPAMP, and the state
machine 265 together define a second control circuit similar
to the second control circuit 160 described with respect to
FIG. 1. The second operational amplifier OPAMP, includes
a first input (e.g., an inverting input) coupled to a set voltage
node 267, a second input (e.g., a non-inverting input)
coupled to the second terminal of the resistor R, and an
output coupled to an input of the state machine 265. The
state machine 265 further has an output coupled to the
second resistor R, for controlling a resistance value of the
second resistor R,. The second operational amplifier
OPAMP, compares the set voltage V., received at the
inverting input via the set voltage node 267 with the regu-
lated voltage Vs received at the non-inverting input from
the regulated voltage terminal 170, and adjusts a voltage V,
at the output thereof based on the comparison. The voltage
V, is supplied to the input of the state machine 265 which,
in some embodiments, comprises a logic circuit configured
to generate a digital control signal S, that reflects a voltage
level of the voltage V,. The digital control signal S, is
outputted from the state machine 265 to the second resistor
R, to vary the resistance value of the second resistor R,
based on one or more bits in the digital control signal S,,.
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The voltage regulator 200 operates in a manner similar to
the voltage regulator 100B, and achieves one or more effects
described with respect to the voltage regulator 100B. In a
specific example, the voltage regulator 200 is configured to
have the following nominal conditions: I;,,,=20 mA,
R,=5Q, V=15 V, Vo ,,=1.6 V, Vi=15 V,
Viee~V3=0.8 V, R1=2 KQ, R2=2KQ.

When the load current I, is increased, e.g., from 20
mA to 30 mA, the voltage drop across the resistor R,
becomes I, ,,,%XR, =30 mAx5Q=150 mV=0.15 V. At the
nominal output voltage V ,,0f 1.6 V, the regulated voltage
Vzec 1s decreased from 1.5 Vto 1.6 V-0.15 V=145 V. The
second operational amplifier OPAMP, detects that the
decreased regulated voltage V. (i.e., 1.45 V) is lower than
the set voltage V o (i.e., 1.5 V), and adjusts the voltage V,
appropriately which, in turn, causes the state machine 265 to
output a corresponding digital control signal S, that reduces
the resistance value of the second resistor R,. As a result, the
voltage ratio R,/(R1+R,) of the voltage divider 240 is
decreased which decreases the feedback voltage V=V 5,7%
R,/(R1-R,). The first operational amplifier OPAMP, detects
that the decreased feedback voltage V. is lower than the
reference voltage V., and adjusts the voltage V, appro-
priately to increases the output voltage V., (ie., to
increase the feedback voltage V). The second operational
amplifier OPAMP, and the first operational amplifier
OPAMP, automatically adjust the voltage ratio of the volt-
age divider 240 and the output voltage V ,, . respectively,
until V3=V ,~0.8 V at which the output voltage \T ;.
becomes 1.65 V and the regulated voltage V. returns to
the nominal level (set by the set voltage V) of 1.5 V.

When the load current I, ,, is decreased, e.g., from 20
mA to 10 mA, the voltage drop across the resistor R,
becomes 0.05 'V, and the regulated voltage V. is increased
to 1.55 V. The second operational amplifier OPAMP, detects
that the increased regulated voltage V. is higher than the
set voltage V., and adjusts the voltage V, appropriately
which, in turn, causes the state machine 265 to output a
corresponding digital control signal S,, that increases the
resistance value of the second resistor R,. As a result, the
voltage ratio R,/(R1+R,) of the voltage divider 240 is
increased which increases the feedback voltage V. The first
operational amplifier OPAMP, detects that the increased
feedback voltage V is higher than the reference voltage
V zer and adjusts the voltage V, appropriately to decreases
the output voltage V. (i.e., to decrease the feedback
voltage V). The second operational amplifier OPAMP, and
the first operational amplifier OPAMP, automatically adjust
the voltage ratio of the voltage divider 240 and the output
voltage V 5,1, respectively, until V,=V=0.8 V at which the
output voltage V. becomes 1.55 V and the regulated
voltage Vs returns to the nominal level of 1.5 V. Thus,
despite an increase or a decrease in the load current I, .
the regulated voltage V.. supplied to the load is kept
constant. In the voltage regulator 200, the second opera-
tional amplifier OPAMP,, the state machine 265, the feed-
back circuit 240, the first operational amplifier OPAMP,, the
driving circuit including the transistors MP, and MN,, and
the resistor Ra define a calibration loop (not shown in FIG.
2) for calibrating or maintaining the regulated voltage V.
at a predetermined level as described above.

FIG. 3 is a schematic circuit diagram of a variable resistor
300 in accordance with some embodiments. The variable
resistor 300 is used in at least one embodiment as the second
resistor R, in the voltage regulator 200. The variable resistor
300 includes a plurality of interconnected circuits 320,
321, . . . 32m, where m is a positive integer. Each of the
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circuit includes a resistor R,,, R,4, . . . or R,,,, coupled with
a corresponding transistor N,,, N,,, ... or N,,. The gates
of the transistors N,q, N,;, . . . N, are coupled to receive
corresponding gate control signals S,,, S, . . . S,,, which
together define the digital control signal S,, supplied by the
state machine 265. By applying an appropriate logic value
“0” or “1” to the gate of each of the transistors N,
N,,, . . . N,,,, the state machine 265 disables or enables the
corresponding resistors R,,, Ry, . . . R,,, to vary the
resistance value of the variable resistor 300. In the specific
configuration of the variable resistor 300 in FIG. 3, the
circuits 320, 321, . . . 32m are coupled in parallel between
the intermediate node 245 and the ground voltage VSS, and
in each of the circuits 320, 321, . . . 32m, the resistor R,,
R,,,...0rR,, is coupled in series with the corresponding
transistor N,o, N,;, . . . or N,,. However, other arrange-
ments of serial and/or parallel interconnections among the
circuits 320, 321, . . . 32m and/or between the resistor(s) and
the corresponding transistor(s) in one or more circuits are
within the scope of various embodiments. In one or more
embodiments, the resistors R,o, R,;, . . . R,,, are made of
poly silicon (poly resistors) and the transistors N,,
N,,s - .. N,,, are NMOS transistors. Other configurations for
the resistors and/or the transistors are within the scope of
various embodiments.

FIG. 4 is schematic circuit diagrams of a voltage regulator
400 in accordance with some embodiments. Compared to
the voltage regulator 200, the voltage regulator 400 addi-
tionally includes a third operational amplifier OPAMP;, an
alternative current (AC) coupling capacitor C,, a resistor R5,
and a bias voltage circuit 491. The third operational ampli-
fier OPAMP, includes a first input (e.g., an inverting input)
coupled to the reference voltage node 255, a second input
(e.g., a non-inverting input) coupled to the intermediate
node 245 of the voltage divider 240, and an output coupled
to the gate terminal of the transistor MN, via the capacitor
C,. The bias voltage circuit 491 includes a current source I,
and an NMOS transistor MN,. The bias voltage circuit 491
is coupled to the gate terminal of the transistor MN, via the
resistor R;. The bias voltage circuit 491 provides the bias
voltage V for configuring the transistor MN, in the satu-
ration mode as described in U.S. patent application Ser. No.
12/750,260.

As also described in U.S. patent application Ser. No.
12/750,260, the third operational amplifier OPAMP; oper-
ates similarly to the first operational amplifier OPAMP, in
various aspects, with a difference in that the first operational
amplifier OPAMP, regulates the output voltage V. in
response to low frequency (i.e., slow) changes in the output
voltage V. and/or regulated voltage V. whereas the
third operational amplifier OPAMP; regulates the output
voltage V. in response to high frequency (i.e., fast)
changes in the output voltage V ,,and/or regulated voltage
Vzee- Specifically, at low frequencies, the impedance of the
capacitor C, is high and effectively disconnects the output of
the third operational amplifier OPAMP; from the transistor
MN,. Therefore, the third operational amplifier OPAMP,
does not significantly contribute to the regulation of the
output voltage V 5, at low frequencies. At high frequencies,
the impedance of the capacitor C, is lowered and a voltage
V, at the output of the third operational amplifier OPAMP,
is applied to the gate of the transistor MN, to regulate the
current flowing through the transistor MN,. therefore, the
third operational amplifier OPAMP; regulates the output
voltage V o1 together with the first operational amplifier
OPAMP, at high frequencies. One or more effects described
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in U.S. patent application Ser. No. 12/750,260 is/are achiev-
able in the voltage regulator 400.

Although the above description of FIG. 4 describes the
third operational amplifier OPAMP; and first operational
amplifier OPAMP, as two separate operational amplifiers,
such a description is for illustrative purposes and/or sim-
plicity. In one or more embodiments, the arrangement of the
first operational amplifier OPAMP, and third operational
amplifier OPAMP; includes a configuration in which the
first operational amplifier OPAMP,; and third operational
amplifier OPAMP, are integrated in an operational amplifier
having two outputs for the voltage V, and voltage Vj,
respectively, as described in U.S. patent application Ser. No.
12/750,260.

In the voltage regulator 400, the second operational
amplifier OPAMP,, the state machine 265, the feedback
circuit 240, the first control circuit including the first opera-
tional amplifier OPAMP, and third operational amplifier
OPAMP;, the driving circuit including the transistors MP,
and MN,, and the resistor Ra define a calibration loop (not
shown in FIG. 4) for calibrating or maintaining the regulated
voltage V. at a predetermined level, as described above
with respect to FIG. 2.

FIG. 5 is a schematic circuit diagram of a high bandwidth
operational amplifier 500 in accordance with some embodi-
ments. The operational amplifier 500 is used in at least one
embodiment as any of the first operational amplifier
OPAMP,, second operational amplifier OPAMP, or third
operational amplifier OPAMP,. The operational amplifier
500 includes a plurality of PMOS transistors P,-P,, a
plurality of NMOS transistors N,;-Ng, and a plurality of
current sources I;-1;, which are coupled together in a con-
figuration known in the art and operate in a manner known
in the art. Other configurations for the first operational
amplifier OPAMP,, second operational amplifier OPAMP,
and/or third operational amplifier OPAMP; are within the
scope of various embodiments.

FIG. 6 is a schematic circuit diagram of a voltage regu-
lator 600 in accordance with some embodiments. Compared
to the voltage regulator 400, the voltage regulator 600
includes an NMOS transistor MN, as a variable resistor
which defines, together with the first resistor R,, a voltage
divider 640. The transistor MNj; includes a first terminal
(e.g., adrain) coupled to the intermediate node 245, a second
terminal (e.g., a source) coupled to the ground voltage VSS,
and a gate terminal coupled to the output of the second
operational amplifier OPAMP,. In one or more embodi-
ments, the transistor MNj is a PMOS transistor. The voltage
V, outputted from the second operational amplifier
OPAMP, is an analog control signal having a variable
voltage level depending on the comparison between the
regulated voltage Vzzs and the set voltage Vg, The
resistance of the transistor MNj is adjustable in accordance
with the analog control signal, i.e., the voltage V,. As a
result, the voltage ratio of the voltage divider and the
feedback voltage V ;- at the intermediate node 245 are adjust-
able in accordance with the regulated voltage V.. by
means of the analog control signal. In various other aspects,
the voltage regulator 600 operates similarly to the voltage
regulator 400. In the voltage regulator 600, the second
operational amplifier OPAMP,, the feedback circuit 640, the
first control circuit including the first operational amplifier
OPAMP, and third operational amplifier OPAMP;, the driv-
ing circuit including the transistors MP, and MN,, and the
resistor Ra define a calibration loop (not shown in FIG. 6)
for calibrating or maintaining the regulated voltage V5.
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FIG. 7 is a schematic circuit diagram of a voltage regu-
lator 700 in accordance with some embodiments. Compared
to the voltage divider 640 in the voltage regulator 600, a
voltage divider 740 in the voltage regulator 700 additionally
includes an NMOS transistor MN,, coupled in parallel with
the transistor MN;. Specifically, the transistor MN,, includes
a first terminal (e.g., a drain) coupled to the intermediate
node 245, a second terminal (e.g., a source) coupled to the
ground voltage VSS, and a gate terminal coupled to the drain
of the transistor MN,. In one or more embodiments, the
transistor MN,, is a PMOS transistor. Because the gate and
drain of the transistor MN, are coupled to each other, the
transistor MN,, is a diode-connected transistor which func-
tions as a diode. The diode-connected transistor MN,
together with the transistor MN; provides a more linear
behavior to the resistance variation of the transistor MN,
than when the transistor MN,, is not provided in parallel with
the transistor MN;. The more linear behavior in resistance
variation of the transistor MN; makes it easier, in one or
more embodiments, to design, control or calibrate the volt-
age regulator 700. In various other aspects, the voltage
regulator 700 operates similarly to the voltage regulator 600.
In the voltage regulator 700, the second operational ampli-
fier OPAMP,, the feedback circuit 740, the first control
circuit including the first operational amplifier OPAMP, and
third operational amplifier OPAMP,, the driving circuit
including the transistors MP, and MN|, and the resistor Ra
define a calibration loop (not shown in FIG. 7) for calibrat-
ing or maintaining the regulated voltage Vzs.

FIG. 8 is a graph showing PSRR versus frequency char-
acteristics of various voltage regulators. The horizontal axis
or X axis in FIG. 8 indicates the voltage supply (VDD) noise
frequency range of the voltage regulators, and the vertical
axis or Y axis in FIG. 8 indicates the PSRRs of the voltage
regulators as measured in —dB. Higher absolute values of
PSRR indicate higher levels of power supply noise immu-
nity. A characteristic 802 indicates a PSRR versus frequency
characteristic of a voltage regulator that does not includes an
output stage resistor or a control circuit for adjusting a
variable feedback circuit. A characteristic 804 indicates a
PSRR versus frequency characteristic of a voltage regulator
in which an output stage resistor and a control circuit for
adjusting a variable feedback circuit are provided in accor-
dance with some embodiments. The characteristic 802 indi-
cates fairly good PSRR values of =30 dB or better (i.e., the
absolute value of PSRR is at least 30 dB) over a relatively
wide range of frequency. However, the characteristic 804 of
the voltage regulator in accordance with some embodiments
indicates even better PSRR values. Specifically, the PSRR of
the voltage regulator in accordance with some embodiments
is =40 dB or better (i.e., the absolute value of PSRR is at
least 40 dB) across a wide range of frequency, e.g., from 10°
Hz to 10'® Hz. Thus, the PSRR of voltage regulators in
accordance with some embodiments is favorable for use in
many applications, such as Phase Locked Loop (PLL),
Delay Locked Loop (DLL), embedded Dynamic Random
Access Memory (eDRAM), etc., where power supply noise
immunity is a significant consideration. As described herein
and/or in U.S. patent application Ser. No. 12/750,260, volt-
age regulators in accordance with some embodiments fur-
ther include one or more effects, such as automatic self-
calibration in response to load current variations, increased
gain at UGF, increased unity gain bandwidth (UGBW),
over-voltage and/or low-load instability prevention, etc.

FIG. 9 is a flow chart of a process 900 of operating a
voltage regulator in accordance with some embodiments. In
one or more embodiments, the voltage regulator operated in
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the process 900 includes one or more of the voltage regu-
lators disclosed with respect to FIGS. 1A-1B, 2, 4, 6 and 7.
In the following description, the process 900 operates the
voltage regulator 100B disclosed with respect to FIG. 1B,
for example.

At operation 905, an input voltage is received at an input
node of the voltage regulator, and an output voltage is
generated at an output node of the voltage regulator from the
input voltage. The output node is coupled to a first terminal
of an output stage resistor. For example, as disclosed with
respect to FIG. 1B, an input voltage V,, is received at an
input node 110 of the voltage regulator 100B. An output
voltage V 5. is generated, by the driving circuit 130 and
from the input voltage V,,, at an output node 120 of the
voltage regulator 100B. The output node 120 is coupled to
a first terminal of an output stage resistor 161.

At operation 915, a feedback voltage is generated based
on the output voltage. For example, as disclosed with respect
to FIG. 1B, a feedback voltage V is generated, by the
feedback circuit 140, based on the output voltage V 5.7

At operation 925, the generation of the output voltage is
controlled based on the feedback voltage. For example, as
disclosed with respect to FIG. 1B, the generation of the
output voltage V ., 1s controlled, by the first control circuit
150, based on the feedback voltage V. More particularly, if
the output voltage V. decreases, the feedback voltage V-
also decreases and causes the first control circuit 150 to
output an appropriate voltage V, to increase the current I,
of the driving circuit 130, thereby increasing the output
voltage V. If the output voltage V. increases, the
feedback voltage V- also increases and causes the first
control circuit 150 to output an appropriate voltage V, to
decrease the current I, of the driving circuit 130, thereby
decreasing the output voltage V 5.7

At operation 935, the generation of the feedback voltage
is controlled based on a regulated voltage at a second
terminal of the output stage resistor. For example, as dis-
closed with respect to FIG. 1B, the generation of the
feedback voltage V is controlled, by the second control
circuit 160, based on a regulated voltage V. at a second
terminal of the output stage resistor 161. More particularly,
if the regulated voltage V. decreases, the second control
circuit 160 outputs a control signal S to the feedback circuit
140 to decrease the feedback voltage V. The decreased
feedback voltage V- causes the first control circuit 150 to
increase the output voltage V. which, in turn, increases
the regulated voltage V.. If the regulated voltage V..
increases, the second control circuit 160 outputs a control
signal S to the feedback circuit 140 to increase the feedback
voltage V. The increased feedback voltage V. causes the
first control circuit 150 to decrease the output voltage V 5.7
which, in turn, decreases the regulated voltage V.. As a
result, the regulated voltage V. to be supplied to a load is
maintained in accordance with some embodiments at a
predetermined level.

In some embodiments, the control of the feedback voltage
V4 based on the regulated voltage V. includes an auto-
matic control by a control circuit as disclosed with respect
to FIG. 1B, 2, 4, 6 and 7.

In some embodiments, the control of the feedback voltage
Vy based on the regulated voltage V. includes a manual
control. In one or more embodiments, the regulated voltage
Vizzg 1s measured and outputted, e.g., via a display, to an
operator of the voltage regulator. The operator manually
adjusts the feedback voltage V, based on the measured
regulated voltage V. to bring the regulated voltage V.o
to the predetermined level, as described immediately above.
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For example, in embodiments where the feedback circuit
includes a variable resistor as disclosed with respect to FIG.
3 or FIG. 6, the operator manually adjusts the corresponding
control signal S, (FIG. 3) or voltage V, (FIG. 6) to whereby
adjust the feedback voltage V.

The above method embodiment shows example opera-
tions, but they are not necessarily required to be performed
in the order shown. Operations may be added, replaced,
changed order, and/or eliminated as appropriate, in accor-
dance with the spirit and scope of embodiments of the
disclosure. Embodiments that combine different features
and/or different embodiments are within the scope of the
disclosure and will be apparent to those of ordinary skill in
the art after reviewing this disclosure.

According to some embodiments, a voltage regulator
comprises: an input node, an output node, a driving circuit,
a feedback circuit, a first control circuit, a second control
circuit, and an output stage resistor. The driving circuit is
coupled to the input node and the output node, and is
configured to generate an output voltage at the output node
from an input voltage at the input node. The feedback circuit
is coupled to the output node and is configured to generate
a feedback voltage based on the output voltage. The first
control circuit is coupled to the feedback circuit and the
driving circuit, and is configured to control the output
voltage based on the feedback voltage. The output stage
resistor has opposite first and second terminals. The first
terminal of the output stage resistor is coupled to the output
node. The second control circuit is coupled to the second
terminal of the output stage resistor and the feedback circuit,
and is configured to control the feedback voltage based on
a regulated voltage at the second terminal of the output stage
resistor.

According to some embodiments, a voltage regulator
comprises: an input node, an output node, a driving transis-
tor, a voltage divider, a first operational amplifier, a second
operational amplifier, and an output stage resistor. The
driving transistor includes a first terminal coupled to the
input node, a second terminal coupled to the output node,
and a gate terminal. The voltage divider includes a first
resistor coupled between the output node and an intermedi-
ate node, and a second resistor coupled between the inter-
mediate node and a voltage supply terminal. At least one of
the first resistor or the second resistor is a variable resistor.
The first operational amplifier includes a first input coupled
to a reference voltage node, a second input coupled to the
intermediate node of the voltage divider, and an output
coupled to the gate terminal of the driving transistor. The
output stage resistor has opposite first and second terminals.
The first terminal of the output stage resistor is coupled to
the output node. The second operational amplifier includes
a first input coupled to a set voltage node, a second input
coupled to the second terminal of the output stage resistor,
and an output coupled to the variable resistor of the voltage
divider for controlling a resistance value of the variable
resistor.

According to some embodiments, a process of operating
a voltage regulator comprises receiving an input voltage at
an input node of the voltage regulator, and generating, from
the input voltage, an output voltage at an output node of the
voltage regulator. The output node is coupled to a first
terminal of an output stage resistor. The process further
comprises generating a feedback voltage based on the output
voltage, controlling the generation of the output voltage
based on the feedback voltage, and controlling the genera-
tion of the feedback voltage based on a regulated voltage at
a second terminal of the output stage resistor.
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It will be readily seen by one of ordinary skill in the art
that one or more of the disclosed embodiments fulfill one or
more of the advantages set forth above. After reading the
foregoing specification, one of ordinary skill will be able to
affect various changes, substitutions of equivalents and
various other embodiments as broadly disclosed herein. It is
therefore intended that the protection granted hereon be
limited only by the definition contained in the appended
claims and equivalents thereof.

What is claimed is:

1. A voltage regulator, comprising:

an input node;

an output node;

a driving circuit coupled to the input node and the output
node, the driving circuit configured to generate an
output voltage at the output node from an input voltage
at the input node;

a feedback circuit coupled to the output node, the feed-
back circuit configured to generate a feedback voltage
based on the output voltage;

a first control circuit coupled to the feedback circuit and
the driving circuit, the first control circuit configured to
control the output voltage based on the feedback volt-
age;

an output stage resistor having opposite first and second
terminals, the first terminal of the output stage resistor
coupled to the output node; and

a second control circuit coupled to the second terminal of
the output stage resistor and the feedback circuit, the
second control circuit configured to control the feed-
back voltage based on a regulated voltage at the second
terminal of the output stage resistor.

2. The voltage regulator of claim 1, wherein the first
control circuit and the second control circuit are configured
to maintain the regulated voltage constant in response to
variations in a load current flowing through the output stage
resistor.

3. The voltage regulator of claim 1, wherein

the feedback circuit comprises a voltage divider having a
variable voltage ratio that defines the feedback voltage;
and

the second control circuit is configured to vary the voltage
ratio of the voltage divider based on the regulated
voltage.

4. The voltage regulator of claim 3, wherein

the voltage divider comprises:

a first resistor coupled between the output node and an
intermediate node, the intermediate node coupled to
the first control circuit; and

a second resistor coupled between the intermediate
node and a voltage supply terminal; and

at least one of the first resistor or the second resistor is a
variable resistor having a resistance value that is vari-
able under control of the second control circuit.

5. The voltage regulator of claim 4, wherein

the variable resistor comprises a plurality of intercon-
nected circuits each comprising a resistor and a tran-
sistor coupled to each other; and

the second control circuit is coupled to gates of the
transistors and configured to supply a digital control
signal to the gates of the transistors to selectively turn
ON or OFF the transistors based on the regulated
voltage.

6. The voltage regulator of claim 4, wherein

the variable resistor comprises a transistor; and

the second control circuit is coupled to a gate of the
transistor and configured to supply an analog control
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signal to the gate of the transistor to vary a resistance
of the transistor based on the regulated voltage.
7. The voltage regulator of claim 6, further comprising:
a diode-connected transistor coupled in parallel with the
transistor of the variable resistor.
8. The voltage regulator of claim 1, further comprising:
a transistor coupled between the output node and a
voltage supply terminal; and
a third control circuit coupled to the feedback circuit and
a gate terminal of the transistor, the third control circuit
configured to control the output voltage based on the
feedback voltage by adjusting a current flowing
through the transistor between the output node and the
voltage supply terminal.
9. The voltage regulator of claim 8, further comprising:
a bias voltage circuit coupled to the gate terminal of the
transistor and configured to supply a bias voltage to the
gate terminal of the transistor to configure the transistor
in a saturation mode.
10. The voltage regulator of claim 1, wherein a resistance
value of the output stage resistor is from 2Q to 10Q.
11. A voltage regulator, comprising:
an input node;
an output node;
a driving transistor including
a first terminal coupled to the input node,
a second terminal coupled to the output node, and
a gate terminal;
a voltage divider including
a first resistor coupled between the output node and an
intermediate node, and
a second resistor coupled between the intermediate
node and a voltage supply terminal, wherein at least
one of the first resistor or the second resistor is a
variable resistor;
a first operational amplifier including
a first input coupled to a reference voltage node,
a second input coupled to the intermediate node of the
voltage divider, and
an output coupled to the gate terminal of the driving
transistor;
an output stage resistor having opposite first and second
terminals, the first terminal of the output stage resistor
coupled to the output node; and
a second operational amplifier including
a first input coupled to a set voltage node,
a second input coupled to the second terminal of the
output stage resistor, and
an output coupled to the variable resistor of the voltage
divider for controlling a resistance value of the
variable resistor.
12. The voltage regulator of claim 11, further comprising:
a state machine coupled between the output of the second
operational amplifier and the variable resistor of the
voltage divider, the state machine configured to convert
a voltage at the output of the second operational
amplifier to a digital control signal for controlling the
resistance value of the variable resistor.
13. The voltage regulator of claim 12, wherein
the variable resistor comprises a plurality of intercon-
nected circuits each comprising a resistor and a tran-
sistor coupled to each other; and
an output of the state machine is coupled to gates of the
transistors in the variable resistor to supply the digital
control signal to the gates of the transistors to selec-
tively turn ON or OFF the transistors.
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14. The voltage regulator of claim 11, wherein

the variable resistor comprises a transistor; and

the output of the second operational amplifier is coupled
to a gate of the transistor to supply an analog control
signal to the gate of the transistor to vary a resistance
of the transistor.

15. The voltage regulator of claim 14, further comprising:

a diode-connected transistor coupled in parallel with the
transistor of the variable resistor.

16. The voltage regulator of claim 11, further comprising:

a further transistor coupled between the output node and
a voltage supply terminal, the further transistor config-
ured to operate in a saturation mode;

a capacitor coupled to a gate terminal of the further
transistor; and

a third operational amplifier including
a first input coupled to the reference voltage node,
a second input coupled to the intermediate node of the

voltage divider, and
an output coupled to the gate terminal of the driving
transistor via the capacitor.

17. The voltage regulator of claim 16, wherein

the driving transistor is a p-channel metal-oxide semicon-
ductor (PMOS) transistor,

the first input of the first operational amplifier is an
inverting input, and the second input of the first opera-
tional amplifier is a non-inverting input,
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the first input of the second operational amplifier is an
inverting input, and the second input of the second
operational amplifier is a non-inverting input,

the further transistor is an n-channel metal-oxide semi-

conductor (NMOS) transistor, and

the first input of the third operational amplifier is an

inverting input, and the second input of the third
operational amplifier is a non-inverting input.

18. A process of operating a voltage regulator, the process
comprising:

receiving an input voltage at an input node of the voltage

regulator;
generating, from the input voltage, an output voltage at an
output node of the voltage regulator, the output node
coupled to a first terminal of an output stage resistor;

generating a feedback voltage based on the output volt-
age;

controlling the generation of the output voltage based on

the feedback voltage; and

controlling the generation of the feedback voltage based

on a regulated voltage at a second terminal of the output
stage resistor.

19. The process of claim 18, wherein controlling the
generation of the feedback voltage comprises a manual
control.

20. The process of claim 18, wherein controlling the
generation of the feedback voltage comprises an automatic
control.



